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Memory formation is typically divided into phases associated with encoding, storage,
consolidation, and retrieval. The neural determinants of these phases are thought to
differ. This study first investigated the impact of the experience of novelty in rats incurred
at a different time, before or after, the precise moment of memory encoding. Memory
retention was enhanced. Optogenetic activation of the locus coeruleus mimicked this
enhancement induced by novelty, both when given before and after the moment of
encoding. Optogenetic activation of the locus coeruleus also induced a slow-onset poten-
tiation of field potentials in area CA1 of the hippocampus evoked by CA3 stimulation.
Despite the locus coeruleus being considered a primarily noradrenergic area, both effects
of such stimulation were blocked by the dopamine D1/D5 receptor antagonist SCH
23390. These findings substantiate and enrich the evidence implicating the locus coer-
uleus in cellular aspects of memory consolidation in hippocampus.

memory | long term potentiation | synaptic tagging and capture | locus coeruleus | dopamine

A key issue in the neurobiology of memory is the selectivity of forgetting. How is it that
we remember some things but not others? Such selectivity is a positive feature of memory
because we are protected from remembering every detail of daily events for long periods
of time but can retain only what matters. Determinants of memory retention include
both features at exactly the moment of memory encoding, such as effective attention or
characteristics of the information being remembered (e.g., salience, novelty, emotional
significance) (1, 2), and independent events happening around the same time. Both can
influence the temporal persistence of memory over time. One determinant of this is the
novelty of other unrelated events which can cause a penumbra of enhanced retention. An
example is “flashbulb memory” in which a surprising and/or shocking event is not only
itself remembered but also causes an enhanced penumbra of retention of other proximal
events that may be relatively innocuous and would ordinarily be forgotten quickly (3).
Memories of events surrounding the tragedy of 9/11 are of this character, although the
enhanced incidental memories of that day have been shown to be not always without
error (4). We suspect that novelty-associated enhancement of memory is a routine facet
of everyday memory and not only something that happens on rare occasions. Surprising
children during class can be used by teachers in school to enhance the memory of specific
items (5). We here further develop our investigations of this phenomenon in an animal
model.

Guided by the synaptic tagging and capture (STC) hypothesis of cellular consolidation
(6, 7), in vitro electrophysiological studies have established that strong afferent tetanic
stimulation of glutamatergic and neuromodulatory inputs to the CA1 region of the hip-
pocampus not only produces a long-lasting, protein synthesis—dependent, long-term
potentiation (LTP) in the stimulated pathway but can also enable a weak decaying LTP
to last longer when it is induced in an independent pathway targeting the same population
of neurons (6-8). This phenomenon has been observed at the level of single synapses (9)
and in vivo (10). It is generally explained in terms of the local capture of plasticity-related
proteins (PRPs) that are synthesized in response to the activation of neuromodulatory
afferents (7, 8, 11, 12). The STC concept has been extended to include the phenomenon
of “behavioral tagging” in which a surprising event (e.g., novelty exploration) has been
shown to enhance the retention of weakly encoded memory traces which ordinarily decay
within a day (13, 14).

In a study seeking to mimic the impact of novelty through direct optogenetic activation
of a neuromodulatory catecholaminergic pathway from the locus coeruleus (LC) to the
hippocampus in mice, the encoding of a weak decaying memory showed enhanced retention
over time (15). The use of an optogenetic strategy is not without conceptual problems (16),
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but a gain-of-function approach can shed light on causal mecha-
nisms. The LC was chosen for investigation because, in the same
study, optetrode recordings from this nucleus revealed a striking
increase in activity of LC-tyrosine hydroxylase-expressing (LC-TH")
neurons during novelty exploration. Such “perievent” novelty (i.c.,
the novelty of events other than the one being remembered but
occurring around the same time) might contribute to enhanced
retention more generally. One plausible mechanism posits that the
induction of novelty elicits the activation of neuromodulatory neu-
rons, triggering the release of a catecholaminergic transmitter
within the hippocampus during the period of glutamatergic-mediated
memory encoding. This concurrent activation subsequently engages
signal transduction pathways that facilitate the synthesis and avail-
ability of PRPs, their localization at synapses marked for capture,
thereby culminating in synaptic stabilization (8).

These findings contribute to a body of work implicating activity
in the LC in various aspects of cognition, memory formation, and
retention (17, 18). In addition to diverse consequences that likely
include triggering PRP synthesis, it could also have a direct effect
on neuronal excitability that influences the subsequent allocation
of memory traces at specific neurons at the time of encoding (19,
20). In contrast, the STC model is symmetric regarding the syn-
ergistic effect of neuromodulation before or after encoding.
However, when neuromodulation happens first, not only may
there be enhanced excitability, but additional mechanisms may
come into play. Navakkode et al. (21) showed in vitro that cooc-
current glutamatergic and dopaminergic activation of the CA1l
region of the hippocampus with the dopamine D1/D5 receptor
agonist SKF 38393 causes a slow-onset potentiation (SOP) of
glutamatergic synaptic transmission over 30 to 60 min with a circa
15 to 25% increase in the magnitude of field potentials. We
became interested in this SOP phenomenon as our optogenetic
study had replicated this finding in mice in vitro but we had stud-
ied it only over a short timescale (15).

A last and important facet of the experimental design was our
discovery that the event arena protocols used in our earlier studies
of the retention of recent everyday memories are ambiguous with
respect to the frame of reference of memory encoding, specifically
regarding whether animals employ an allocentric or egocentric
strategy to execute the task (22). An egocentric framework involves
the incorporation of spatial information regarding an individual’s
position within the environment, while the allocentric framework
entails the integration of spatial information pertaining to the
positional relationships among objects. To establish a robust pro-
tocol enabling the acquisition of allocentric memory representa-
tion within the event arena, analogous to the human capacity to
recall the specific location of daily events, we implemented a stra-
tegic modification to our recency everyday memory task. This
involves the introduction of an allocentrically defined “home-base”
within the arena. The incorporation of this allocentric reference
point aimed to facilitate the encoding of memories from an
observer-independent perspective. The rats were required to find
their reward in the arena and then carry it to this home-base
ensuring that only allocentric recency memory formation happens
(23). This occurs in the hippocampus downstream of egocentric
memory processing in afferent cortical regions (24-26).

Behavioral and electrophysiological studies in vivo were used
to determine whether 1) the experience of either novelty or opto-
genetic activation of LC-TH" neurons, before or after memory
encoding, would enhance the retention of allocentrically coded
spatial memory over 24 h (i.e., beyond the usual forgetting period
of a few hours); 2) activation of LC-TH" neurons would also cause
SOP in vivo measured in the CAl region of the hippocampus,
and 3) comparable pharmacological sensitivity would be observed
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across the behavioral and electrophysiological studies. Male trans-
genic rats expressing Cre recombinase in TH" neurons (Th-Cre)
(27) were used as subjects in which a Cre-inducible ChrimsonR
construct had been virally transfected into the LC together with
intracerebral light guides for optogenetic activation in vivo.
Intracerebral drug infusions, when used, were targeted at the dor-
sal hippocampus.

Results

Everyday Memory. The everyday memory task involves the
encoding, storage, and forgetting of memory for a daily event in
an arena. The concept of “everyday” memory is precisely of those
things that happen during the day that we remember for a while
but ordinarily forget; that is, both memory and forgetting are
built into its definition. We achieved both memory and forgetting
by training rats to search and dig for a small food reward in the
sandwells located in different places each day. Fig. 14 shows a
representative sequence of events in which, on sample trial 1
(§T1), an animal is placed in a startbox (orange) from which it
enters the arena to find a single sandwell in a specific location.
Once it has found the correct sandwell, dug through the sand and
retrieved the 0.5 g food pellet, it then carries it to the home-base
(blue) to eat. A second run within that trial then starts from this
home-base with the animal returning to the sandwell and then
back to the home-base with its second food pellet. ST2 then starts
from a different starting location (orange, note change of startbox
location) after minimal delay and the event sequence of “search-
dig-retrieve-run” to the home-base is repeated, with a second run
back to the sandwell from the home-base location also. After an
interval of 30 min, a choice trial (CT) is scheduled in which, now,
several sandwells are available of which only the sample location
provides access to food. Performance is measured in terms of
correct choices of this sandwell transformed into the performance
index (PI). As the choice of sandwell location changes daily, the
recency memory demand is “event-like” in character, particularly
with the additional component of searching and digging.

Quantitative analysis showed that, over 49 sessions, it was pos-
sible to derive a PI with respect to memory on CTs (Fig. 1B). The
PI rose significantly from an initial chance level (50%) to circa
75% by session 25 (525), a level maintained through to $49
(ANOVA across S1-S29: F = 2.40, df 13/104, P < 0.01); this
asymptotic level remained stable from S31 to S49 (F = 0.85, df
13/52, n.s.), a stability that was important as successive probe tests
(PTs) were scheduled on selected sessions. PT2a and 2b (Fig. 1C)
show the proportion of time spent digging at the correct location
vs. incorrect locations after memory delays of 30 min or 24 h
(time delays counterbalanced across the two PTs). Memory was
highly significantly above chance at 30 min (51.48% + 4.51, mean
+ SEM) but not at 24 h (27.91% £ 6.87) (30-min group:
one-sample ¢ test vs. chance, t = 6.97, df = 1/8, P < 0.001; 24-h
group: n.s.), with significant forgetting between these two reten-
tion intervals (F = 13.15, df 1/13, P < 0.01). The absolute dig
time across multiple PTs (S Appendix, Fig. S1) was circa 30—40
s during early PTs, and it showed a modest nonsignificant trend
toward declining on later PTs; (F < 1, n.s.). What changed in
different PTs described below was how the animals distributed
their digging effort across the 5 sandwells—reflecting memory—
rather than the total time digging. We therefore judged that the
use of normalized data for the PTs was appropriate.

Novelty Exposure Enhanced Memory Retention. A key issue was

whether novelty would enhance retention over time. In $92-596,
further STs were scheduled that were accompanied by 5-min
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novelty exploration (or a control condition) before or after the
STs with memory tested in PT7 after 24 h (S/ Appendix, Fig. S2
Aand B). These gave the opportunity to see whether the retention
of weakly encoded memory about where successful digging
had happened recently could be boosted by novelty. As shown
previously (14, 15), novelty exposure enhanced memory retention
at 24 h relative to chance (average pre- and postconditions,
F =7.35, df 1/7, P < 0.05). In addition, we also performed a
control test during recall in which intra- and extra-maze cues were
occluded and found that performance declined to chance level
(F < 1, ns.) (SI Appendix, Fig. S2C). This test confirms the

allocentric nature of this recency memory protocol.

Viral Expression of Red-shifted Channelrhodopsin, Histological
Confirmation, and Optogenetic Activation of LC-TH" Neurons. As
the activity of LC-TH" neurons has been linked to novelty perception
(15), we then asked whether activation of these neurons could mimic
the beneficial effect of novelty on memory retention. To achieve this,
we injected a Cre-inducible adeno-associated virus (AAV) expressing
the red-shifted channelrhodopsin ChrimsonR (hereafter ChR) (28)
fused with tdTomato into the LC of Th-Cre rats (27). We then
validated and used the light-sensitivity of ChR to elicit activation of
LC-TH" neurons (Fig. 2 A and B). We confirmed a high degree of
overlap between TH" neurons and neurons expressing ChR (ChR")
in the LC (Fig. 2C), with 89 + 3% (mean + SEM) of TH" neurons
expressing ChR, and 96 + 1% of ChR" neurons positive for the
TH antigen (7 = 4). We also confirmed that the axons originating
from LC-ChR" neurons reached the hippocampus, as indicated by
positive staining for norepinephrine transporter (NET) and TH,
confirming their LC origin as well as neuronal identity (S/ Appendix,
Figs. S3 and S4). By recording multiunit activity in the LC using
an optrode, we demonstrated the ability to activate LC-ChR"
neurons with red light (Fig. 2 A and D). Light-evoked responses
were recorded from three rats, and in all cases, multiunit activity was
observed at a depth corresponding to the entire LC body (Fig. 2D).
We then proceeded, in other animals, to implant bilateral optic
cannulae to deliver light to the LC in order to determine the effect
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of light activation to LC-TH" neurons in behavioral experiments
(Fig. 2 B and E). Additionally, bilateral guide cannulae for drug
infusions were inserted in the dorsal hippocampus to reach the CA1/

DG border (Fig. 2F).

Hippocampal Electrophysiology and Pharmacology. The next step
entailed optogenetic stimulation of LC-TH" neurons of Th-Cre
rats in parallel with evoked potential stimulation and recording in
hippocampus in vivo, with an intracannula optic fiber targeting
the LC and both stimulating and recording electrodes placed in
CA3 and CAL, respectively (Fig. 34). We again confirmed both
the expression of ChR-td Tomato and its overlap with TH staining
in the LC (Fig. 3 Band C).

A key finding was that activation of LC-TH" neurons caused
the induction of slow-onset potentiation (SOP) of field excitatory
postsynaptic potentials (FEPSPs) in CA1 elicited by electrical stim-
ulation of CA3 (Fig. 3 D-F). Fig. 3D, left-hand panel, shows the
time-course of SOP after optical stimulation in the Th-Cre ChR”
Light-ON group plotted, for clarity, relative to the average of the
three control groups [Th-Cre ChR™ Light-ON, Th-Cre ChR’
Light-OFF, and wild-type (WT) rats with no virus injection or
cannula implantation]. Th-Cre ChR™ animals were infected with
control viruses expressing only tdTomato in LC-TH" neurons.
SOP reached a peak in the second hour after light stimulation (60
trains of 20 pulses at 25 Hz; intertrain interval = 5 s) and was
maintained for the 180-min duration of the experiment (c. 120-
130% relative to the 100% baseline). Representative examples of
fEPSPs recorded 30 min before and 150 min after light stimula-
tion illustrate its impact on the slope and amplitude of the evoked
response. Fig. 3D, right-hand panel, shows the mean normalized
fEPSP slope over the final hour of recording, i.e. 120 to 180 min
after stimulation, in the Th-Cre ChR" Light-ON group versus the
three control groups, this time plotted separately. There was a
significant main effect of group (F = 12.39, df 3/19, P < 0.001),
and post hoc pairwise comparisons (Tukey’s HSD) revealed the
Th-Cre ChR" Light-ON group to be significantly higher than
each of the control groups (P < 0.01 in all cases). No group
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differences were found among the control groups (P > 0.9 in all
cases). Potentiation in the Th-Cre ChR" Light-ON group was also
significantly above baseline exactly 120 to 180 min after stimula-
tion (tg = 6.79, P < 0.001; one-sample # test with Bonferroni
correction for multiple comparisons), but no significant potenti-
ation above baseline was observed in any of the control groups
(ts < 1 in all cases).

The pharmacological sensitivity of LC photoactivation-induced
SOP was then investigated. Fig. 3E, left-hand panel, shows the
impact of intraperitoneal (IP) injections of the dopamine D1/D5
receptor antagonist SCH 23390 and the p-adrenoceptor antago-
nist propranolol on light-induced SOP. SCH 23390 caused a
complete block of SOP in the hippocampus. In contrast, a delayed
onset but only partial blockade was observed after propranolol
injection, relative to the Th-Cre ChR" Light-ON group that is
reproduced here for comparison. Mean potentiation 120 to 180
min after stimulation is shown in the right-hand panel of Fig. 3E.
There was a significant main effect of group (F = 12.66, df = 2/16,
P =0.001), and post hoc pairwise comparisons (Tukey’s HSD)
revealed significantly enhanced SOP in the noninjected Th-Cre
ChR" Light-ON group relative to the SCH 23390-injected group
(P < 0.001) and between propranolol and SCH 23390 groups
(P = 0.025). However, the difference between the noninjected
Th-Cre ChR" Light-ON group and the propranolol group was
not significant 120 to 180 min after stimulation (P = 0.27),
although a transitory but significant difference was seen 60 to 120
min after stimulation (S Appendix, Fig. S5). Comparisons with
baseline (100%, one-sample # tests with Bonferroni correction for
multiple comparisons) revealed no significant potentiation in the
SCH 23390-treated group (t; = 1.08, = 0.68) but a nonsignifi-
cant trend toward potentiation in the propranolol group 120 to
180 min after light stimulation (t; = 3.29, P = 0.06; Fig. 3 E, right
panel). This potentiation relative to the baseline reached signifi-
cance only in the earlier period of 60—120 min after light stimu-
lation in this group but it was not sustained (S7 Appendix, Fig. S5).

40f12 https://doi.org/10.1073/pnas.2307275120

Fig.2. Histological confirmation and opto-
genetic activation of LC-TH" neurons. (A)
Schematic showing the placement of an
optrode (optic fiber and electrode) used to
record light-evoked multiunit firing in LC-
TH* neurons of Th-Cre rat expressing Cre-
inducible AAV-DJ ChrimsonR-tdTomato
(ChR") virus. (B) Schematic showing the
placement of bilateral optic cannulae in
the LC and bilateral guide cannulae in
the dorsal hippocampus (HPC) of Th-Cre
rat. (C) Overlap between TH" neurons and
neurons expressing ChrimsonR-tdTomato
at the position of the optic cannula in the
LC. (Scale bars: Upper, 100 pm; Lower, 10
um.) (D) Example of multiunit responses
to optical stimulation recorded in the LC.
The Upper panel shows multiunit spikes
elicited by a train of light stimuli (20 5-ms
pulses delivered at 1 Hz; note that each
light pulse elicits a response). The Lower
panel shows an expanded view of the
multiunit response to a single pulse of light
stimulation. (E) Arepresentative example of
the bilateral optic cannula positions in the
LC used in behavioral experiments. (Scale
bar: 1 mm.) (F) Histological verification of
the bilateral guide cannulae tip locations
in HPC used for drug infusions.

M Cre-inducible virus

Optic cannulae position &
TH+ expressions in LC

As a final step, we sought to compare LC-TH" light
stimulation-induced SOP with pharmacologically-induced SOP
(Fig. 3F, left-hand panel). The time-course and magnitude of the
increase in fEPSP were similar in the uninjected Th-Cre ChR"
Light-ON group, and in WT rats injected with the dopamine D1/
D5 receptor agonist SKF 38393. Mean potentiation 120-180 min
after stimulation/injection is shown in Fig. 3F, right-hand panel.
There was no significant difference between the two groups
(t;,=0.91, P=0.38), and potentiation was significantly above base-
line in SKF 38393-injected rats (t; = 3.94, P = 0.017; one-sample #
test) as it had been in the Th-Cre ChR" Light-ON group. There
were no group differences in baseline stimulation intensity or fEPSP
parameters corresponding to Fig. 3 D—F (SI Appendix, Fig. S6).

Memory Retention. Having established the electrophysiological
consequences and pharmacological sensitivity of light
stimulation of LC-TH" neurons, we then turned our attention
to the behavioral implications. Guided by the time-course of the
observed SOP of fEPSPs in vivo, optogenetic stimulation of LC-
TH" neurons (60 trains of 20 pulses at 25 Hz; inter-train interval
=5 s) was scheduled either 45 min before memory encoding in
the event arena or, in a separate session, 30 min after encoding
(both being examined in all animals using a within-subjects,
counterbalanced design). Fig. 4 A and B show the protocols
for preencoding and postencoding stimulation of LC-TH"
neurons. In both cases, the PT for evaluating memory was not
scheduled until 24 h later. Everyday memory of a changing
reward location is usually forgotten within 24 h; this forgetting
to baseline levels was observed in the Th-Cre ChR" group that
did not receive optogenetic stimulation (Light-OFF) and in the
ChR™ control animals with Light-ON (Fig. 4C). In contrast,
the Th-Cre ChR" group receiving optogenetic stimulation with
red light displayed good memory at 24 h, with all nine animals
consistently showing above-chance memory (1-sample ¢ test,
t=06.26,df = 1/8, P < 0.001; Fig. 4C). The Light-ON conditions
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also showed significantly better memory in the ChR" group than
the ChR™ group (F = 7.48, df = 1/8, P < 0.01).

Pharmacological Interventions. Although the LCisanoradrenergic
brain region, previous findings have raised the possibility that,
at least in the mouse, LC activation might paradoxically
promote persistent memory by a dopaminergic rather than a
noradrenergic mechanism (15, 29). To examine this martter
further, we used protocols like those of Fig. 4, but with the
addition of receptor-specific intrahippocampal drug infusions
15 min prior to LC-TH" stimulation. These were scheduled
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Fig.3. Optical stimulation of LC-TH" neurons causes
slow-onset potentiation (SOP) of CA1 fEPSPs in vivo.
(A) lllustration of the placement of hippocampal
stimulating and recording electrodes in CA3 and
CA1 and an optic cannula in the LC of Th-Cre rat.
(B) Representative example of tdTomato staining
indicating viral expression in the LC beneath the
location of the optic cannula, against a background
of DAPI staining. The histology also showed that all
optic fibers were correctly placed. (Scale bar: 500 pm.)
(C) Higher magnification image of the same region,
with TH and tdTomato staining overlaid. Similar
colocalization of these two signals was observed in
all the brains examined (a sample of 17 brains out
of a total of 27, distributed across all groups). (Scale
bar: 100 pm.) (D) The left-hand panel shows the time-
course of SOP in the Th-Cre ChR" Light-ON group (n
= 9) plotted relative to the mean data from 14 rats
comprising three control groups [Th-Cre ChR Light-
ON (n = 4), Th-Cre ChR" Light-OFF (n = 4), and WT with
no virus injection or cannula implantation (n = 6)].
Mean fEPSP slope data were analyzed over 10-min
time periods and normalized to the 1-h period before
optical stimulation of the LC (light). Representative
examples of fEPSPs recorded circa 30 min before and
150 min after light stimulation are shown. The right-
hand panel shows mean fEPSP slope potentiation
120 to 180 min after light stimulation in the Th-Cre
ChR* Light-ON group and the three control groups,
now plotted separately. **P < 0.01 in all cases, post
hoc Tukey's pairwise comparisons. (E) The left-hand
panel shows the impact of systemic injection of SCH
23390 (1 mg/kg of body weight, n = 5) and propranolol
(6.25 mg/kg of body weight, n = 5) on SOP induced
by optical stimulation of LC-TH" neurons in Th-Cre
ChR" rats analyzed and plotted as in panel D. The
“no injection” control group (the same Th-Cre ChR"
Light-ON group from panel D) is reproduced for
comparison. Representative examples of fEPSPs
recorded circa 30 min before and 150 min after light
stimulation are shown. The right-hand panel shows
mean fEPSP slope potentiation 120 to 180 min after
light stimulation in the no injection, SCH 23390, and
propranolol groups. *P <0.05, ***P < 0.001; post hoc
Tukey's pairwise comparisons. (F) The left-hand panel
shows the time course of SOP induced by systemic
injection of SKF 38393 (3 mg/kg of body weight, n=5),
relative to SOP observed in the no injection group
(the same Th-Cre ChR" Light-ON group from panels
D and E reproduced for comparison). Representative
examples of fEPSPs recorded circa 30 min before and
150 min after light stimulation are shown. The right-
hand panel shows mean fEPSP slope potentiation 120
to 180 min after light stimulation in the no injection
and SKF 38393 groups. Means + SEM and individual
animal data plots. Dashed line in panels D-Findicates
baseline fEPSP slope.

either before or after event arena memory encoding during STs

(Fig. 5 A and B). The impact of SCH 23390 and propranolol

was investigated.

With light-activation of LC-TH" neurons, excellent 24-h mem-
ory retention was seen after control intrahippocampal infusions
of saline, comparable to that of Fig. 1, with all animals displaying
above-chance memory (Fig. 5C). Memory retention was differen-
tially affected by the three drug conditions (one-way ANOVA,
F=15.42,df=1/9, P<0.05). It was completely blocked by SCH
23390 (relative to chance: t = 0.43, df = 1/9, n.s.). In view of the
time-course of the impact of these drugs on SOP of fEPSPs

https://doi.org/10.1073/pnas.2307275120
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Experimental Interventions

Fig. 4. Optogenetic stimulation of TH*-LC neurons facilitates memory retention. (A and B) Experimental design for optogenetic preencoding (A) and postencoding
(B) stimulation. Optogenetic stimulation of LC-TH* neurons was scheduled either 45 min before memory encoding (4) in the event arena or, in a separate session,
30 min after encoding (B). A PT was scheduled 24 h later. (C) The Th-Cre ChR* group that received optogenetic stimulation with red light (Light-ON) displayed
good memory at 24 h (F = 7.48, df = 1/8, P < 0.01), and the Th-Cre ChR" control group that did not receive optogenetic stimulation (Light-OFF) and in the Th-Cre
ChR™ control animals were at chance level (1-sample t test, t = 6.26, df = 1/8, P < 0.001). Means + SEM and individual animal data plots. Dashed line in panel C

indicates chance level. ns, not significant. **P < 0.01.

(Fig. 3), we also considered data subdivided with respect to preen-
coding vs. postencoding optogenetic activation. The positive
trends apparent in Fig. 5C were replicated in each of these condi-
tions (87 Appendix, Fig. S7), albeit with slightly greater individual
subject variability. Finally, we double-checked that there would
be no residual memory at 24 h in the saline condition with

Light-OFF (SI Appendix, Fig. S7).
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Discussion

There are several key new findings of this study. First, rats readily
learned the allocentric home-base version of the everyday mem-
ory task such that, at asymptote, they recalled the daily varying
location at which they had most recently had an opportunity
to dig up and eat a hidden food reward inside the arena.
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Performance fluctuated but was typically at 65 to 80% correct
and consistently above chance. Second, in probe test data, both
environmental novelty and optogenetic activation of histolog-
ically identified LC-TH" neurons occurring either shortly before
or after memory encoding enhanced the retention of memory
to at least 24 h. Third, optogenetic activation of LC-TH" neu-
rons with a protocol mimicking phasic-activation of the LC
caused SOP of concomitant glutamatergic fast synaptic trans-
mission to a level of circa 15 to 25% above baseline, reaching

A

an asymptote after c. 60 min. Fourth, both optogenetically
enhanced memory retention and the SOP phenomenon were
blocked by a dopamine D1/D5 receptor antagonist (SCH
23390), but only partially by a $-adrenoceptor antagonist (pro-
pranolol). These findings indicate that the retention of weak
memory for recent events can be enhanced by perievent activa-
tion of catecholaminergic neuromodulatory neurotransmission
in the rat, confirming and extending our earlier findings in the
mouse.

Protocol: Pre-Encoding Drug Infusion & Optogenetic Stimulation

D Startbox . Homebase @ Correct (Rewarded) @ Incorrect o Correct (Unrewarded)

Probe Test

Encoding Trial 2

|

Drug Infusion Optogenetics Encoding Trial 1
(5 mins) (5 mins) ||
Dela DeIa a &)
15 mins 45 mms o '
——
A
| |

Dela

5 mins

Fm L

Dela

P e

24 hr

D»

B

Protocol: Post-Encoding Drug infusion & Optogenetic Stimulation

Encoding Trial 1 Encoding Trial 2 Drug Infusion Optogenetics Probe Test
(5 mins) (5 mins)
| [
Delay Delay Delay Delay
e o[22l 1[0z B = al
) 5 mins 15 mins 15 mins 23.5hr
A -
L1 | |

C

Recall Probe Test: Average impact of Pre- & Post-Encoding Optogenetic Stimulation

100 [l correct sw
n.s [[] AVG Incorrect sW
o

L I —
— (o]
X 60{
g o
£
2 40
(=]

20—+ - = === o -

0-
Sallne SCH Prop
Light ON Light ON Light ON

Experimental Interventions

Fig.5. Pharmacological interventions in HPC and optogenetic stimulation of LC-TH" neurons. (A and B) Experimental design for the pharmacological interventions
and optogenetic preencoding (A) and postencoding (B) stimulation. Specific intrahippocampal drug infusions were administered 15 min prior to LC-TH" stimulation,
scheduled either before (A) or after (B) memory encoding during STs. (C) Blockade of hippocampal dopamine D1/D5 receptors (SCH) during LC-TH" optogenetic
stimulation abolished memory retention at 24-h PT. The effect of blockade of hippocampal g-adrenoceptor (Prop) was at an intermediate level, not significant
than that for the control saline condition (n.s.). Means + SEM and individual animal data plots. Dashed line in panel C indicates chance level. ns, not significant.

**p <0.01.
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Our overarching hypothesis is that forming a memory and retain-
ing a memory have different determinants. Memory encoding is
necessarily determined by events occurring at the precise moment
an event happens, but whether new memory traces are retained or
lost is determined by additional factors, one of which can be
perievent neuromodulation that regulates the synthesis of PRDs.
With respect to episodic-like memory, as in our spatial recency task,
this neuromodulation might occur shortly before or after memory
encoding. From a molecular perspective, memory encoding involves
patterns of pre- and postsynaptic neural activity that induce
N-methyl-D-aspartate (NMDA)-type glutamate receptor NMDA
receptor)-dependent potentiation in the hippocampus. This poten-
tiation leads to a temporary structural enlargement of postsynaptic
dendritic spines and the rapid insertion of additional a-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)-type gluta-
mate receptors (AMPA receptors) at the postsynaptic density (PSD)
via lateral movement along the lipid bilayer membrane of dendritic
spines (8, 30). This structural and functional plasticity decays to
baseline levels in the absence of PRPs and potentiation is lost (31).
Perievent novelty associated with activation of LC-TH" neurons in
a phasic manner (16, 32), which we mimicked optogenetically,
might activate a dopaminergic-dependent mechanism in the hip-
pocampus that regulates translation of dendritically localized
mRNAs which synthesize the PRPs over short segments of the
nearby dendrite. The enlarged size of the dendritic spine may serve
as a tag to capture these PRPs, which then help to stabilize both
structural and functional changes according to the principles of
STC.

Our first finding was of the encoding and then remembering,
cach day, of a new allocentrically defined location where food
could be located, dug up, and carried to the home-base to be eaten.
A memory of the daily changing location of a recent event was
formed each session within the well-learned event-arena context
that was stored in long-term memory. Recent memory traces nor-
mally decay to baseline within 24 h, providing the dual baseline
of rapid memory encoding and daily forgetfulness with which to
explore the impact of neuromodulation on retention. Various
control conditions were deployed to check that behavioral perfor-
mance was allocentric and uninfluenced by uncontrolled cues;
these included probe trials in which no accessible food was present
to check that spatial memory rather than any smell of available
food at the correct sandwell was guiding memory recall
(SI Appendix, Fig. S1C). The design of the sandwells and use of
masking smells also ruled out mediation by olfactory artifacts,
while a test involving removal of both intra- and extra-arena land-
marks before a choice trial also caused performance to fall to
chance establishing the veracity of allocentric coding (SI Appendix,
Fig. S2C). The event arena is a powerful procedure in which mem-
ory recall during a choice or probe trial of the location of an earlier
event is only of its most recent location and thus, most likely,
hippocampus-based (23, 33). It might, for example, be mediated
by an engram-related hippocampal index (34). Our earlier use of
the event arena involved behavioral protocols that may have per-
mitted egocentric encoding of recent information mediated by
structures outside the hippocampus. The new protocol is depend-
ent on hippocampal processing (23).

Second, our results confirm and extend our earlier findings with
mice (15) in showing catecholaminergic modulation of memory
retention following optogenetic activation of LC-TH" neurons.
They are consistent with Smith and Greene’s original findings (29),
and observations in mice that dopamine release from terminals of
LC-TH" axons in the hippocampus is essential for both the updat-
ing of contextual recognition memory (35) and the linking of con-
textual fear memories formed at different times (36). Modulation
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given before as well as after memory encoding was examined.
Modulation prior to memory encoding carries with it the possibility
that there is a sensitizing effect on, for example, neuronal excita-
bility that has been shown to affect allocation of memory traces
(37). However, that similar enhancement of retention occurs with
after-encoding modulation as well as the before-encoding condition
mirrors electrophysiological observations made using both in vitro
slice and in vivo studies of STC (7, 10). This is consistent with our
proposed mechanism of enhanced retention being or at least includ-
ing the capture of PRPs synthesized in the hippocampus in response
to LC-TH" neuron activation and their downstream effects on
intracellular signal transduction pathways in the hippocampus.

Third, to our knowledge, the observation of SOP of fEPSPs in
CAL in vivo is the first demonstration following selective activa-
tion of LC-TH" neurons, as first shown definitively both in vitro
and in vivo in response to a dopamine D1/D5 receptor agonist
(21, 38). SOP of fEPSPs and population spikes in vivo has been
shown following brain-derived neurotrophic factor (BDNF)
administration (39) and shown to require gene transcription (40).
However, neurons whose activation can mimic such an effect
in vivo had not previously been identified. The present in vivo
phenomenon was also completely blocked by the application of
the dopamine D1/D5 receptor antagonist SCH 23390. With
respect to gain-of-function, we also confirmed in vivo that phar-
macologically induced SOP of fEPSPs occurred after the admin-
istration of the dopamine D1/D5 receptor agonist SKF 38393
that was similar in magnitude and time-course to that observed
after photostimulation of LC-TH" neurons. These results are con-
sistent with previous reports that dopamine D1/D5 receptor acti-
vation in vitro can cause a Caz+-dependent potentiation of
AMPA-type glutamate receptor-mediated evoked excitatory post-
synaptic currents (EPSCs) (15, 41) and a slow-onset increase in
evoked fEPSPs in the apical dendrites of CAl in vitro; the latter
phenomenon is dependent on protein synthesis, BDNE, and the
activation of NMDA receptors, Ca**/calmodulin (CaM)-dependent
protein kinase IT (CaMKII) and mitogen-activated protein kinase
kinase (MEK) (21, 42-45). A complication, discussed elsewhere
in detail (21, 43), is that the induction of lasting protein synthe-
sis—dependent potentiation does not preclude the further induc-
tion of posttranslational early-LTD, an issue that has implications
for behavioral significance (see below).

We also observed a slightly delayed onset and partial inhibition
of LC-stimulation-induced SOP of fEPSPs after administration of
the B-adrenoceptor antagonist propranolol. Potentiation was signif-
icantly reduced at 60~120 min, but not 120-180 min, after stim-
ulation of LC-TH" neurons. The apparently limited role of
f-adrenoceptor is consistent with previous reports that exogenously
or endogenously applied noradrenaline has little effect on EPSPs in
CALl, despite causing an increase in neuronal excitability (46).
Similarly, optogenetic activation of LC-TH" neurons causes an SOP
of population spike amplitude (but not fEPSP slope) in the dentate
gyrus reminiscent of previous studies of noradrenaline-induced
potentiation (47).

Our fourth finding centers on the pharmacology of our behav-
ioral observations. Dopamine and noradrenaline share a common
biosynthetic pathway, and corelease of both neurotransmitters
occurs at the terminals of noradrenergic neurons of the LC (29).
We here replicate in rats the key finding in mice of Takeuchi et al.
((15)) that dopamine D1/D5 receptors in the dorsal hippocampus,
but not B-adrenoceptors, likely drive the facilitation of memory
traces by distinct novel events which activate the LC (32). A dif-
ferent situation prevails in the amygdala where coactivation of
glutamatergic and noradrenergic receptors is essential at the time
of memory encoding (48). There are multiple ways in which the
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LC-stimulation-induced activation of CAl dopamine D1/D5
receptors might facilitate the consolidation of memory, but dis-
tinct mechanisms make differing predictions about the effects of
LC stimulation before or after encoding. Dopamine D1/D5 recep-
tors couple via G-proteins to the cyclic adenosine monophosphate
(cAMP)/cAMP-dependent protein kinase (PKA) signaling path-
way, leading to increases in neuronal excitability, increases in syn-
aptic NMDA receptor currents, the synthesis of PRPs, and
stabilization of the synaptic insertion of AMPA receptors (49-51).
The first option, increases in excitability and NMDA receptor
currents, is arguably more consistent with a metaplastic facilitation
of subsequent memory formation and memory allocation (19,
20). However, our observation that LC-TH" stimulation is equally
effective regardless of whether it is delivered before or after encod-
ing favors a single parsimonious interpretation based on the STC
framework. According to this hypothesis, dopamine release from
catecholaminergic afferents provides a physiological trigger for the
synthesis of PRPs before or after memory formation; these are
then captured at synapses tagged at the time of memory encoding
and the consequential rescue of decaying synaptic potentiation.
In support of this view, pharmacological activation of dopamine
D1/D5 receptors with SKF 38393 stimulates dendritic translation
in cultured neurons in an NMDA receptor- and MEK-dependent
manner (52, 53) and in vitro (21). That SOP does not occlude
subsequent early UTP induction raises the possibility that, whether
it occurs before or after memory encoding, EPSCs would be larg-
er—a circumstance likely favoring more long-lasting memory.

An intriguing but speculative alternative is that dopamine D1/
D5 receptors facilitate memory by increasing the synaptic expres-
sion of Caz+-permeable AMPA receptors (CP-AMPARs) that lack
the GluA2 subunit. Dopamine D1/D5 receptor activation causes
PKA-dependent S845 phosphorylation of AMPA receptor GluAl
subunits and an increase in the cell-surface expression of
GluAl-containing receptors (54, 55). Recent evidence suggests
that activity-dependent posttetanus Ca** entry via CP-AMPARs
is necessary for late-LTP (56). A complication is that heterosyn-
aptic facilitation of potentiation of a weakly tetanized pathway
was not observed when this activation preceded strong tetanization
of a separate input (57). Nonetheless, in the latter study, a weak
tetanus produced a small but nonetheless stable LTP regardless of
the presence or absence of a subsequent strong tetanus. This result
monitored over 3 h makes it difficult to dissociate the magnitude
of LTP in the weak pathway from its persistence over time, a
distinction that we have previously argued is central to the STC
model in long time-scale experiments of 8 to 10 h (58).

Administration of the f-adrenoceptor antagonist propranolol
also caused a modest impairment in the ability of LC-TH" stim-
ulation to facilitate memory retention, but the effect did not reach
significance unless data from pre- and postencoding infusions were
combined. We therefore cannot rule out a contribution of
noradrenaline release from LC terminals in the hippocampus to
the enhancement of recency memory in rats, in contrast to the
lack of effect observed in our previous mouse study (15). However,
a modest impairment such as this is consistent with the partial
block of LC-TH"-light stimulation-induced SOP of fEPSPs by
propranolol discussed above and the ability of B-adrenoceptor
stimulation to facilitate the induction of late-LTP (59). We and
others have previously argued that LC signals the occurrence of
novel experiences that bear only a minimal relationship to past
experiences (distinct novelty), whereas novel experiences that share
some commonality with past ones (common novelty) are signaled
by the ventral tegmental area (VTA) (32).

In the absence of dose-response data, we cannot entirely rule
out the possibility that we have underestimated the role of

PNAS 2023 Vol.120 No.46 2307275120

B-adrenoceptors in our behavioral and electrophysiological exper-
iments. However, the drug doses administered are comparable to
those used in previous studies of memory and LTP. For the behav-
ioral study, the doses of propranolol (6.25 pug per side) and SCH
23390 (1 pg per side) infused intrahippocampally were chosen to
match those used by Takeuchi et al. ((15)). Our intracerebral pro-
pranolol dose is substantially higher than that reported to block
the induction of dentate LTP in vivo (60) or to modulate memory
consolidation (61). For the electrophysiological experiment, we
used systemic IP administration, maintaining the same dose ratio
of propranolol to SCH 23390 (propranolol: 6.25 mg/kg of body
weight, SCH 23390: 1 mg/kg). Comparable systemic doses of
propranolol have been shown to effectively impair novelty seeking
and memory (62, 63). Additionally, a systemic dose of 5 mg/kg
of SCH 23390 limits the persistence of CA1 LTP in anesthetized
rats (64), while behavioral testing is not feasible at comparable
systemic doses of SCH 23390 owing to the striatal actions of
dopamine D1/D5 receptor antagonists.

A remaining puzzle is what causal role, if any, the SOP of
fEPSPs induced by LC-TH" stimulation plays in memory forma-
tion and retention. Our perspective is that a key aspect of dopa-
mine D1/D5 receptor activation is that it triggers the synthesis
of PRPs as shown by the rescue of subsequent weakly induced
early-LTP into lasting late-L'TP (43, 65). This critical finding is
in line with our STC perspective on both the SOP phenomenon
itself and the enhanced retention of memory. However, we rec-
ognize three qualifications. First, the mechanism of tag-setting is
unclear in relation to SOP. One possibility is that NMDA receptor
activity during test stimulation responsible for a background level
of tag-setting recruits PRPs synthesized in response to dopamine
D1/D5 receptor activation. Although the NMDA receptor is not
typically thought to be activated by low-frequency stimulation, a
small NMDA-receptor-dependent component of the fEPSP is
sometimes observed, particularly in vivo (33). This possibility is
consistent with the observation that SOP in vitro is an activity-
dependent process that does not occur if baseline stimulation is
paused after administration of SKF 38393 (21). However, this
leads to a second qualification—we cannot be certain that SOP
of CA3-CA1 synaptic strength occurs under natural circum-
stances in behaving rodents in the absence of artificial
low-frequency test stimulation. Future electrophysiological and
behavioral experiments in which electrical stimulation is paused
after activation of LC-TH" neurons, or ongoing synaptic activity
is blocked by, for example, intrahippocampal lidocaine adminis-
tration in vivo, would shed light on this aspect (21). Even if SOP
does not occur under natural circumstances, it might still provide
an index of the capacity for dopamine D1/D5 receptor activation
to stabilize potentiation at tagged synapses.

The third qualification, assuming SOP of fEPSPs does occur in
the awake animal, relates to the temporal order of SOP and mem-
ory encoding. LC-TH" stimulation given prior to memory encod-
ing should cause larger EPSCs at the moment of distributed
memory encoding that could contribute to enhanced retention
within such a network, as shown in human event-related functional
MRI (fMRI) studies (1, 2). However, preencoding SOP may also
contribute to the enhanced neural excitability that favors effective
allocation of neurons to a memory engram (20, 36). These increases
in excitability typically last 5 to 6 h after a learning event (20, 66,
67). It would be interesting to determine how closely this time
window matches the duration of SOP of fEPSPs induced by dopa-
mine D1/D5 receptor activation. Although for technical reasons,
our recordings lasted only 3 h after LC-TH" stimulation or SKF
38393 injection, the population mean showed no sign of decline

at this point, and SOP induced by SKF 38393 in vitro has been
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recorded for 6 h (21). The situation is different when SOP is
induced after memory encoding. Enhanced neural activity would
then occur 30 to 45 min after memory encoding—i.e., when the
animals would be back in their home cages and away from the
event arena, which may limit the effectiveness of preferential allo-
cation. The STC hypothesis, in contrast, has temporal symmetry
with respect to the order of encoding (tag-setting) and novelty
(PRP synthesis), with the only difference being the potential
time-course of decay for synaptic tags to return to baseline and the
dissipation of PRP availability. The overarching general issue here
is that strength and persistence do not necessarily covary, a matter
that is usually finessed in studies of LT lasting only 1 to 2 h.

A radically different prediction might be that SOP should
impair memory. SKF 38393-induced SOP in vitro occludes
late-LTP induced by tetanic stimulation (42), suggesting that the
two engage overlapping mechanisms. It would be potentially val-
uable to conduct analogous occlusion experiments using optoge-
netic LC-TH" stimulation in vivo. However, there are practical
difficulties to doing this arising from the sheer length of time
such an experiment would take. Monitoring of STC process and
late-LTP in vivo (10) requires a minimum of 3 h after LTP induc-
tion. This would then have to be followed by attempted induction
of SOP which would also have to be monitored for 3 h. Animal
preparation and baseline recording may then take the length of
an experiment to >9-10 h. This is impractical unless done in
freely moving animals which is not without additional difficulties.
However, in view of the extensive measures required to achieve a
sufficient level of electrical LTP induction to block memory for-
mation or retention (68, 69), it is arguably unlikely that the SOP
observed here would be expected to block or reverse memory.
Indeed, drugs that cause a pharmacological SOP typically enhance
hippocampus-dependent memory—including the dopamine
D1/D5 receptor agonist studied here (70).

In conclusion, our observations contribute to a growing body
of data that has explored the impact of cell firing in the LC on
memory formation and retention (71), now thought to be medi-
ated by distinct patterns of tonic and phasic activation (16). Our
findings support the notion that neuromodulatory influences on
dendritic mRNA translation and the provision of PRPs likely
contribute causally to memory retention.

Materials and Methods

The methods focus on the behavioral studies. Issues concerning viral vectors,
in vivo optrode recordings, in vivo electrophysiology with optogenetic stimula-
tion, drug administration, histology, and statistical analysis are in Supplementary
Information.

Blinding. All critical tests were conducted "blind." The procedures were overseen
by the University of Edinburgh Ethical Review Committee and compliant with the
UK Rats Scientific Procedures Act (1986) and European Communities Council
Directive of 24th November 1986 (86/609/EEC) legislation, which governs the
maintenance of laboratory rats and their use in scientific experiments.

Subjects. We used Long-Evans Th-Cre transgenic males (27) backcrossed 10
times to the Lister Hooded strain (Charles River) in the behavior and optogenetics
experiments. The first and second cohort (Exp 1: n = 14, Exp 2: n = 10) were
atleast 4 mo old and weighed approximately 300 g at the start of experiments.
In the electrophysiology and optogenetics studies, 30 Th-Cre*" rats and 11 Th-
Cre™" littermates (250 to 600 g) were used. They were maintained on a 12-h
light/12-h dark cycle, with all testing during the light phase of the cycle (7 am-7
pm). The rats had ad libitum access to water and were maintained at 85 to 90%
of their free feeding body weight according to a laboratory-derived growth curve.

Surgical Procedures. Standard surgical procedures were used underisoflurane
anesthesia. The animals were placed in a stereotactic frame (Kopf Instruments)
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using a flat skull position. Breathing rate, heart rate, and blood oxygenation level
were monitored using the MouseOx Plus system (STARR Life Sciences) coupled to
a foot sensor. There was a recovery period of 14 d before training began.

Virus was infused bilaterally (1 pL) into the LC coordinates from lambda: ante-
rior-posterior (AP), -3.1 mm; mediolateral (ML), = 1.2 mm; and dorsal-ventral
(DV)from the dura at 2 depth, -5.80 mm and -6.00 mm (72) using a microsyringe
(SGE) and pump (sp200i microsyringe pump, WPI), with 500 nL per site. After
each injection, the needle was kept in place for 10 min to ensure virus diffusion.

In animals undergoing behavior experiments, two-ferrule optic bi-cannulae
(2.4 mm pitch, 9 mm length; Doric lenses) were implanted immediately above
the LC (coordinates from lambda: AP,-3.1 mm; ML, = 1.2 mm; DV from the dura,
-5.5mm)ata 20° angle to the coronal plane. Guide cannulae for later drug infu-
sions (26 gauge, 46 mm outer diameter; Plastics One) were implanted bilaterally
into the dorsal hippocampus (from bregma: AP, -4.5 mm; ML, = 3.0 mm; DV
from the dura, -2.5 mm). These were fixed in place using dental cement and the
headcap was secured to the skull using jeweler's screws. To prevent blockages/
infection, dummy stylets were inserted into the guide cannulas. After the surgery,
Rimady! (carprofen, 0.08 mL/kg) was administered by subcutaneous injection.
All rats had a recovery period of at least 7 d for them to regain their presurgery
weights before electrophysiological or behavioral testing.

Behavioral Apparatus. The event arena has been described previously (22, 23).
It consisted of a square open field [160 cm (1) x 160 cm (w)] surrounded by four
transparent plexiglass walls and two intraarena cues; several extraarena cues
were positioned around its perimeter. There were five locations within the arena
where a sandwell could be inserted. Before and after each trial of every session,
the eventarena floor was cleaned with a 70% ethanol solution to prevent cryptic
olfactory cues. Luminosity was maintained within 115 to 125 Ix and temperature
between 21 and 24 °C. There were four black entry/goal boxes with remotely
controlled doors around the arena from which or to which the animals could run
(Fig. 1). The black box on the "North” wall was used as an allocentrically stable
"home-base” and the other 3 black boxes were used as "startboxes." These boxes
allowed the rats access to the arena at the start of each trial but they had to run to
the home-base with food dug from the sandwells. The sandwells had an accessi-
ble and a deeper inaccessible section, separated by a curved, perforated plastic
sheet. All sandwells within the event arena (one rewarded and four unrewarded)
contained the same number of food pellets (12 pellets, 0.5 g/pellet; BioServ). The
rewarded sandwell contained 4 food-reward pellets in the accessible section and
8 pellets in the inaccessible section; unrewarded sandwells had all 12 pellets in
the inaccessible section. As a further masking odor, garam masala was added to
the sand used to fill the sandwells (40 g garam masala per 4 kg sand). The ratio
of garam masala to sand was measured and renewed at the start of each session,
ensuring stable masking.

Experimental Controls and Counterbalancing. Rats were allocated ran-
domly to the experimental or a control virus group. Several counterbalancing
measures (e.g., sandwell locations across sessions) were implemented in this
experiment (22, 23). Together, these measures prevented the same rewarded
location and sandwell set from being trained successively. Furthermore, to avoid
bias when observing the effect of the experimental interventions, the trials
were recorded by an experimenter who was blind to the intervention applied
to each animal.

Everyday Memory Protocol. The key features are "sample” trials (ST) each day
with only one sandwell, delineating the correct location for accessible food in
that session; followed by a "choice” trial (CT) or probe trial (PT) during which, in
choosing between five sandwells, the animals display some level for memory for
where the food was positioned most recently. As no local recognition cues identify
the correct sandwell location, a choice test requires memory recall for a recent
event (episodic-like memory). A second key feature is that once the strategy of
the task is learned, successive sessions can run semiindefinitely over weeks at
typically a stable performance level of around 75% correct. Atotal of 150 sessions
using this protocol were performed with numerous PTs interleaved within this
asymptotic level (cohort 1: S1-550; cohort 2: S1-5100). The daily “event” consists
of finding and digging up the food from different places each day during a ST
and then carrying it to the safe home-base to eat, with memory of the changing
locations where this happens across days being tested at various time-delays
later using CTs or PTs (i.e., recency memory).
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It is important to emphasize that the animals learn anew each day. While
many tasks have a learning phase extending over several days and then a sepa-
rate later recall phase, this "everyday"” recency memory protocol has both during
each daily session.

Habituation. Cohort 1(n = 14) and cohort 2 (n = 10) were each habituated to
the event arena for a total of 7 sessions. In the first habituation session (H1), rats
were given 10 min to explore the event arena and the intraarena cues. In H2,
one sandwell containing one accessible pellet (0.5 g) was placed at a random
location within the arena. The rats were first “cued” in a startbox with one pellet
and then, after 30's, the startbox door was opened, allowing the rats to enter the
arena and retrieve the pellet placed on top of the sandwell. Once this pellet was
recovered, the rats were required to locate and enter the North home-base to
eat the pellet. In the following sessions (H3-H7), the number of pellets and the
depth at which they were placed within a sandwell were increased to encourage
digging. By the seventh session (H7), all four pellets were placed at the bottom
of the accessible section; this was the rewarded sandwell setup used throughout
main training with its location altered across H2-H7.

Main Training. Every main training session consisted of two STs (ST1, ST2) fol-
lowed, after a delay of approximately 30 min, by a recall CT1. During each ST,
rats were trained to locate and retrieve two of the four accessible pellets (0.5 g
per pellet) from the correct sandwell and then enter the North home-base to
eat each one.

At the start of each trial, rats were placed in one of the allocated startboxes
(e.g.,ST1: East, ST2: South) where they were given one “cue” pellet (0.5 g/pellet).
Once in the arena, rats were trained to find the correct sandwell and retrieve the
1st pellet. After eating it in the North home-base, they reentered the arena to
retrieve a 2nd pellet from the same correct sandwell. After a 30-min delay, there
was a CT1 where rats were placed in the remaining unused startbox of the session
(e.g., CT1: West) and rewarded for finding the correct sandwell amongst the then
five sandwells. The latency (s) to retrieve the correct pellet, the duration of dig-
ging (s), and the sequential order of visited sandwells (choice) were meticulously
recorded. We also recorded errors, defined as the number of incorrect sandwells
visited before locating the correct sandwell during CTs. A "performance index (PI)"
was calculated using: Pl (%) = [(maximum number of errors - actual number of
errors)/(maximum number of errors)] x 100. This measure is at 50% for chance
performance, with higher scores indicating good performance.

Recall Probe Tests. Periodically throughout the experiment, recall PTs with no
accessible food were scheduled to examine memory retention for the correct
sandwell location following various experimental interventions [cohort 1: $19
(PT1), 526 (PT2a), S30 (PT2b), S37, 541, S45, S49 (PT3a-d); cohort 2: 525 (PT1),
$32 (PT2a), S36 (PT2b), S43, S47, S51 (PT3a-c), S55, S59, S63, S67 (PT4a-d),
S71 (PT5), S75 (PT6)]. Three pellets were placed in the correct Sandwell at the
end of the test to avoid extinction. These PTs were only performed if the average
Pl for three consecutive sessions of main training was at or above 60% (typically
it was much higher). Recall PTs began with two STs followed by a recall PT after a
delay of either 30 min or 24 h. None of the five sandwells were rewarded during
this test, and the rats allowed 120 s to search amongst them. During this time,
latency (s) to retrieve the correct pellet, dig times at each sandwell and order of
sandwells visited were recorded. Both the absolute and normalized proportion
of time at the correct and incorrect sandwells were calculated.

Spatial Strategy Probe Test. A spatial strategy PT was performed [Cohort 2:
S84 (PT7a), S88 (PT7b)] to test whether use of the stable home-base successfully
encouraged rats to employ an allocentric spatial strategy. During the STs, intra-
and extra-arena spatial cues were present. After a short delay (~30 min), rats
performed the PTin which the intra- and extra-arena spatial cues were removed
and the arena rotated by 45° anti-clockwise and surrounded by a white curtain.
Performance based on an allocentric strategy should fall to chance under these
conditions.
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Optogenetic Stimulation. A primary aim of the study was to explore the impact
of optogenetic stimulation of LC-TH" neurons upon memory retention which was
administered either 45 min before or 30 min after encoding in a within-subject
design. Rats were habituated to the optogenetic procedure (5 x 10-min sessions)
to minimize the intrinsic novelty and stress of the procedure itself (which we
judged to be minimal). During stimulation, rats were placed in a transparent
plexiglass bow! [40 cm (d) x 37 cm (h)], which provided sufficient room to move
naturally (twenty 5-ms pulses of 590-nm light at 25 Hz, delivered every 5 s for
a total of 5 min). This was performed using two Fiber-Coupled LEDs (10 mW)
connected to two single-fiber optic patch cords (2.5 m length, Thorlabs) and an
optic driver (LEDD1B, Thorlabs). Both LEDs were synchronously controlled using
custom LabView software.

Drug Infusions Associated with Optogenetic Interventions. Drug infusions
were performed 15 min before optogenetic stimulation. Rats were also habit-
uated to the drug infusion procedure for two sessions. A microinfusion pump
(sp200i) was used for bilateral infusion (1 pL per hemisphere; 0.25 pL/min
flow rate) of either dopamine D1/D5 receptor antagonist SCH 23390 (SCH),
f-adrenoceptor antagonist propranolol (Prop), or sterile saline (Vehicle). SCH
23390 hydrochloride (324.24 g/mol, Tocris Bioscience) and (S)-(—)-propranolol
hydrochloride (295.80 g/mol, Sigma-Aldrich) were dissolved in sterile saline
(Sigma-Aldrich) and kept in frozen aliquots (50 pL) until use. Final drug con-
centrations were 3.1 mM (1 pg/pL) for SCH 23390 and 21.1 mM (6.25 pg/pl)
for propranolol. Microsyringes (5 uL, SGE) were mounted on the microinfusion
pump and connected via flexible polyethylene tubing to the injection cannulas
(33-gauge, 0.5 mm beyond the implanted guide cannulas). During infusions, rats
were gently restrained using a towel. The injection cannulas were leftin the guide
cannulas for 2 min after each infusion ended and the dummy cannulas replaced.

Novelty Exploration. The object of the optogenetic stimulation is to mimic
patterns of neural activity expected in the LCin association with perievent novelty
(e.g., unexpected experience). It was therefore advisable to determine separately
the effect of novelty itself. This was done for both the preencoding and posten-
coding conditions. The rats were placed, for the first time, in a square transparent
plexiglass box [100 cm (1) x 100 cm (w) x 30 cm (h)] lined with a novel floor
substrate (pinecones) in the center of the event arena 45 min before the daily
STs. To explore the effect of novelty (postencoding), rats were similarly placed in
a star-shaped transparent plexiglass box [110 cm (1) x 110 cm (w) x 30 cm (h)],
lined with a novel floor substrate (balloons) 30 min after the STs. A recall PT was
performed after a delay of 24 h, with the prediction that memory for the recently
correct place would be remembered well.

Data, Materials, and Software Availability. All data and additional methods
are included in the article and/or supporting information, Dataset S1.
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